Understanding how microorganisms manipulate plant innate immunity and colonize host cells is a major goal of plant pathology. Here, we report that the fungal nitrooxidative stress response suppresses host defences to facilitate the growth and development of the important rice pathogen Magnaporthe oryzae in leaf cells. Nitronate monooxygenases encoded by NMO genes catalyse the oxidative denitrification of nitroalkanes. We show that the M. oryzae NMO2 gene is required for mitigating damaging lipid nitration under nitrooxidative stress conditions and, consequently, for using nitrate and nitrite as nitrogen sources. On plants, the Δnmo2 mutant strain penetrated host cuticles like wild type, but invasive hyphal growth in rice cells was restricted and elicited plant immune responses that included the formation of cellular deposits and a host reactive oxygen species burst. Development of the M. oryzae effector-secreting biotrophic interfacial complex (BIC) was misregulated in the Δnmo2 mutant. Inhibiting or quenching host reactive oxygen species suppressed rice innate immune responses and allowed the Δnmo2 mutant to grow and develop normally in infected cells. NMO2 is thus essential for mitigating nitrooxidative cellular damage and, in rice cells, maintaining redox balance to avoid triggering plant defences that impact M. oryzae growth and BIC development. G lobal rice yields are significantly and negatively impacted each year by blast disease caused by the hemibiotrophic fungus Magnaporthe oryzae 1-3 (synonym of Pyricularia oryzae). Defining the full spectrum of molecular processes used by M. oryzae to manipulate rice innate immunity and allow fungal colonization of host cells might reveal additional sources of pathogen resistance and improve crop health. M. oryzae infects hosts by first forming specialized infection structures, appressoria, at the tips of germ tubes emerging from spores adhered to the leaf surface 4, 5 . A thin penetration peg emerging from an unmelanized patch on the base of the appressorium 6 is forced through the rice leaf cuticle under hydrostatic turgor pressure 1 . In the first penetrated cell, the peg differentiates into primary hyphae then bulbous invasive hyphae (IH) that are surrounded by the plant-derived extra-invasive hyphal membrane (EIHM). Branching IH fill the first invaded cell before spreading into neighbouring living rice cells at around 44 h post-inoculation 7, 8 . This biotrophic growth phase progresses for 4-5 days before M. oryzae enters its necrotrophic phase.
G lobal rice yields are significantly and negatively impacted each year by blast disease caused by the hemibiotrophic fungus Magnaporthe oryzae [1] [2] [3] (synonym of Pyricularia oryzae). Defining the full spectrum of molecular processes used by M. oryzae to manipulate rice innate immunity and allow fungal colonization of host cells might reveal additional sources of pathogen resistance and improve crop health. M. oryzae infects hosts by first forming specialized infection structures, appressoria, at the tips of germ tubes emerging from spores adhered to the leaf surface 4, 5 . A thin penetration peg emerging from an unmelanized patch on the base of the appressorium 6 is forced through the rice leaf cuticle under hydrostatic turgor pressure 1 . In the first penetrated cell, the peg differentiates into primary hyphae then bulbous invasive hyphae (IH) that are surrounded by the plant-derived extra-invasive hyphal membrane (EIHM). Branching IH fill the first invaded cell before spreading into neighbouring living rice cells at around 44 h post-inoculation 7, 8 . This biotrophic growth phase progresses for 4-5 days before M. oryzae enters its necrotrophic phase.
To colonize rice cells, M. oryzae must first suppress or avoid triggering two types of plant innate immunity that protect against microbial attack [9] [10] [11] : pathogen-associated molecular pattern (PAMP) triggered immunity (PTI), which can be suppressed by microbial effectors, and effector-triggered immunity (ETI), if effectors are detected. The biotrophic interfacial complex (BIC), a host membrane-derived structure, is formed behind M. oryzae IH in each invaded cell and is involved in deploying cytoplasmic effectors (with probable roles in suppressing host immunity) into rice cells 11 . Apoplastic effectors (that prevent fungal chitin recognition 10 , for example) are delivered by the conventional endoplasmic reticulum (ER)-Golgi secretion pathway to the apoplastic space and accumulate between the fungal cell wall and the EIHM (ref. 10) .
How fungal growth and development are integrated with sustained plant defence suppression during the first four to five days of biotrophy is largely unresolved at the molecular level 2, 12 . The host reactive oxygen species (ROS) burst is common to PTI and ETI and must be neutralized by fungal antioxidation components during compatible interactions between M. oryzae and rice or barley to prevent the induction of basal plant defences [13] [14] [15] [16] . The M. oryzae glucose-6-phosphate (G6P) sensor, Tps1, regulates carbon metabolism and connects glucose availability 17 to glutathione-dependent antioxidation and the establishment of biotrophy 18 . Other examples linking fungal metabolic regulation and plant defence suppression are not known. We hypothesized that nitrogen-regulated processes might also contribute to the colonization of rice cells by M. oryzae. Here, we report that a fungal nitronate monooxygenase is nitrogenand carbon-regulated, mitigates nitrooxidative stress and, in plants, maintains host redox balance. This latter action prevents the triggering of rice innate immunity and facilitates M. oryzae growth and BIC development in rice cells.
Results

NMO2
, encoding a nitronate monooxygenase, is expressed in a Tps1-and Nut1-dependent manner and is required for nitrate utilization. We were intrigued that the M. oryzae genome 19 carries five NMO genes encoding putative nitronate monooxygenase enzymes that catalyse the oxidative denitrification of nitroalkanes to their corresponding carbonyl compounds and nitrite (NO 2 MGG_01473 (NMO5). To our knowledge, NMO genes have not been functionally characterized in fungi. To determine which, if any, might be involved in pathogenicity, we hypothesized that physiologically relevant NMO genes might be expressed under the control of the nitrogen regulator Nut1. Our reasoning was twofold. First, Nut1, like other GATA-family nitrogen regulators 20 , is required in M. oryzae for derepressing the expression of genes involved in the utilization of nitrogen sources other than ammonium (NH 4 + ). Nitroalkanes could conceivably be used as alternative nitrogen sources, because oxidative denitrification yields NO 2 − (Fig. 1a) . Second, NO 2 − would be assimilated into amino acids following its reduction to NH 4 + by nitrite reductase encoded by NII1. NII1 is expressed in a Nut1-dependent manner under nitrogen derepressing conditions 17 . It thus seemed logical that Nut1 would coordinate the oxidative denitrification of nitroalkanes with the reduction of NO 2 − to NH 4 + . We used Figure 1 | NMO2, encoding a nitronate monooxygenase, is required for nitrate utilization. a, Nitronate monooxygenase (Nmo) uses molecular oxygen to oxidize alkyl nitronates to the corresponding carbonyl compounds and nitrite. R 1 = H or alkyl group, R 2 = H or CH 3 . b, The expression of NMO genes was analysed in wild type (WT) and the Δnut1 mutant after 16 h of growth in defined minimal medium containing 1% (wt/vol) glucose (GMM) and 10 mM NO 3 − as the sole nitrogen source (NO 3 − medium). c, Expression of NMO2 was Nut1-dependent during early biotrophy. RNA was extracted from spray-inoculated leaves of whole rice seedlings at the indicated time points. NMO2 expression was normalized against the quantitative real-time PCR (qPCR) to examine the expression of NMO1-5 following axenic growth under nitrogen derepressing conditions in wild type (WT) and the Δnut1 mutant strain. Figure 1b shows that, after normalizing against the β-tubulinencoding gene TUB2, NMO2 and NMO4 were expressed more than threefold higher in WT compared to the Δnut1 mutant strain on derepressing nitrogen media. Normalized fold expression changes for NMO1, 3 and 5 in WT compared to the Δnut1 mutant were less than two. Thus, NMO2 and NMO4 expression requires Nut1 for strong induction following axenic growth under nitrogen-derepressing conditions. Additionally, qPCR analysis of complementary DNA (cDNA) extracted from whole rice leaves inoculated with WT or the Δnut1 mutant showed that NMO2 was expressed during early in planta colonization in a Nut1-dependent manner (Fig. 1c) .
We focused on characterizing NMO2 and NMO4 and made deletion strains by homologous replacement of the respective genes with ILV1 conferring sulfonyl urea resistance 21 . We could find no phenotype for the resulting Δnmo4 mutant strain, which was fully pathogenic on rice and, unlike Δnmo2, showed no growth defects on nitrate media ( Supplementary Fig. 1a,b) . Consequently, we did not continue work on the Δnmo4 mutant strain. In contrast, growth testing on our defined 1% glucose (wt/vol) minimal medium (GMM) with NO 3 − as the sole nitrogen source revealed that the Δnmo2 mutant was NO 3 − non-utilizing (Fig. 1d) . Introducing a functional copy of NMO2 into the Δnmo2 mutant strain restored NO 3 − utilization in the resulting Δnmo2 NMO2 complementation strain (Fig. 1d) . The lack of growth of the Δnmo2 mutant on NO 3 − media was not due to changes in the expression of NIA1 or NII1 compared to WT (Fig. 1e) . This suggested that NMO2 was not epistatic to NIA1 and NII1. Rather, during nitrate use, Nut1 induced NMO2, NIA1 and NII1 gene expression concomitantly. Furthermore, like NIA1 (ref. 22) , NMO2 gene expression required the G6P sensor Tps1 (Fig. 1f ) . Taken together, Fig. 1g shows the deduced genetic relationships between G6P, the control of NMO2 gene expression by Tps1 and Nut1, and nitrate metabolism.
NMO2 is required for protection against nitrooxidative stress. We sought to understand why the Δnmo2 mutant strain was nitrate non-utilizing. To address this, we first compared the growth of WT and the Δnmo2 mutant on undefined complete medium (CM), and on defined GMM containing organic and inorganic sole nitrogen sources that support WT growth 5 . Figure 2 shows that, in addition to NO 3 − media, the Δnmo2 mutant was similarly impaired for growth on NO 2 − media. The sparse colonies produced by Δnmo2 on NO 3 − and NO 2 − media were not observed on any of the other growth media tested, although gamma aminobutyric acid (GABA) as a sole nitrogen source slightly impaired Δnmo2 radial growth compared to WT. Also, the sparse hyphal phenotype of Δnmo2 on NO 3 − and NO 2 − media was distinct from that observed for the Δnut1 mutant 17 , which is completely attenuated for growth on these media, probably because, in contrast to Δnmo2, Δnut1 strains do not express NIA1 and NII1.
To account for the poor growth of the Δnmo2 mutant on NO 3 − and NO 2 − media, we considered that the metabolism of these nitrogen sources generates reactive nitrogen species (RNS). Nitric oxide (NO) is produced as a by-product of nitrate metabolism 23 . NO reacts with ROS such as the superoxide anion to generate RNS, including peroxynitrite 24 (Fig. 3a) . Peroxynitrite contributes to cellular nitrooxidative stress by reacting directly or indirectly with lipids and proteins in the cell [24] [25] [26] [27] . In addition, NO 2 − , a higher oxide of NO and a source of RNS, induces lipid oxidation or nitration 27, 28 . Because one outcome of RNS production is the generation of nitroalkanes and other nitrated lipid species 29 (Fig. 3a) , we postulated that a functional Nmo2 protein might be required to mitigate RNS-induced lipid damage during growth on NO 3 − and NO 2 − media. Lipid nitration is difficult to measure and detect directly, due to the highly reactive nature of nitrated lipids 25 . Nonetheless, five lines of evidence support our hypothesis that the Nmo2 protein is required for neutralizing nitrooxidative cell stress. First, using 2-nitropropane as a substrate, Nmo enzyme activity was detected in WT but not in Δnmo2 whole-cell protein extracts (Fig. 3b) . This confirms NMO2 encodes a bone fide nitronate monooxygenase. Second, the Δnmo2 mutant strain was sensitive to both NO (from the NO donor sodium nitroprusside, Fig. 3c ) and ROS (as H 2 O 2 , Fig. 3d ), two determinants of RNS production (Fig. 3a) . Third, the growth of the Δnmo2 mutant on NO 3 − medium was markedly improved, relative to WT, in the presence of the peroxynitrite scavenger MnTBAP chloride 30 ( Fig. 3e and Supplementary Fig. 2a) . Fourth, the concentration of malondialdehyde (MDA), a marker for lipid damage (that is, peroxidation and/ or nitration) induced by RNS such as peroxynitrite or NO 2
• (ref. 31 ), was significantly increased in the mycelia of Δnmo2 compared to WT following growth on NO 3 − medium (Fig. 3f ). This suggests that higher oxides of NO such as peroxynitrite are more damaging to cell membranes in the Δnmo2 mutant than in WT. Fifth, nitrotyrosine levels were elevated in the Δnmo2 mutant compared to WT following growth on NO 3 − media (Fig. 3g ). Nitrotyrosine is a biological marker for nitrooxidative stress 32 and accumulates in the presence of high levels of RNS. Taken together, loss of 2-nitroporopane metabolism, sensitivity to NO and ROS, improved growth on NO 3 − medium with a peroxynitrite scavenger, high levels of MDA indicating lipid damage and the accumulation of nitrotyrosine in the Δnmo2 mutant strain all support the notion that Nmo2 protects against nitrooxidative stress by denitrifying nitrated alkanes and lipids. This mitigating role of NMO2 explains why the Δnmo2 mutant was unable to grow on RNS-generating NO 3 − or NO 2 − media but grew well with NH 4 + and amino acids as sole nitrogen sources.
NMO2 is essential for rice blast disease. The Δndo2 mutant strain sporulated less than WT on CM ( Supplementary Fig. 2b ), but enough conidia could be harvested for downstream applications. We applied spores of the Δnmo2 mutant to three-week-old rice plants of the susceptible cultivar CO-39. Compared to WT and the Δnmo2 NMO2 complementation strain, the loss of NMO2 function abolished foliar infection by M. oryzae (Fig. 4a) . Using optically clear rice leaf sheaths, we determined that the loss of pathogenicity by the Δnmo2 mutant was not due to appressorial defects, because both the rate of appressorial formation on the rice leaf surface (Supplementary Fig. 3a ) and the rate of penetration into rice cells ( Supplementary Fig. 3b) were not significantly different between Δnmo2 and WT. However, Δnmo2 IH did not fill the first infected cell, and the movement of IH into rice cells adjacent to the first penetrated cell was significantly reduced compared to WT (Supplementary Fig. 3c ). These results indicate that biotrophic growth was attenuated in the Δnmo2 mutant and, when taken together, we conclude that NMO2 is not required for appressorium formation or function but is an in planta-specific determinant of biotrophic growth in rice cells. Strikingly, the poor biotrophic growth of Δnmo2 IH resulting from the loss of NMO2 function was accompanied by the formation of granular depositions in rice cells. These cellular deposits were not observed in rice cells infected with either WT (Fig. 4b) or the Δnut1 mutant strain downregulated for NMO2 expression ( Supplementary Fig. 3d ), although in planta Δnut1 IH growth was also impaired. How the downregulation (as opposed to the loss) of NMO2 function contributes to the reduced growth of Δnut1 in rice cells compared to other metabolic perturbations in this mutant strain is not known at this time.
NMO2 is required to suppress rice cell defences. To understand how the loss of NMO2 attenuated M. oryzae biotrophic growth, we first hypothesized that the observed granules in rice cells infected with Δnmo2 IH (Fig. 4b) resulted from induced plant defence responses. Our rationale for this hypothesis was based on our previous observations that a sirtuin-family protein, MoSir2, regulates superoxide dismutase (SOD) gene expression via a histone hydroxylase-family member, MoJmjC (ref. 16 ). Subsequently, we showed that Δsir2 mutant strains were impaired in neutralizing the host ROS burst, such that during Δsir2 IH growth in rice cells, ROS accumulated and triggered plant defences including the formation of granular depositions 16 . To test our hypothesis regarding Δnmo2, we examined the accumulation of ROS in WT and Δnmo2 IH infected rice cells by staining for hydrogen peroxide (H 2 O 2 ) accumulation with 3,3′-diaminobenzidine (DAB). Figure 4c shows that rice cells infected with Δnmo2 IH (but not WT IH) were strongly stained with DAB. This result confirmed that, in addition to granular deposits (Fig. 4b) , rice cells colonized with Δnmo2 IH also accumulated ROS (Fig. 4c) .
ROS accumulation in rice cells has previously been shown to induce the expression of plant defence genes 13, 16 . Figure 4d shows that cells infected with Δnmo2 IH were upregulated for the expression of the pathogenesis-related (PR) genes PBZ1 and PR-1 compared to WT infected cells. Moreover, callose was observed accumulating in the walls of rice cells infected with Δnmo2 but not WT strains ( Supplementary Fig. 3f ), and the rice callose synthase-encoding genes OsGSL1, OsGSL3 and OsGSL5 (ref. 33) were upregulated in rice leaf sheaths challenged with Δnmo2 compared to WT (Supplementary Fig. 3g ). We conclude that, compared to WT, rice cells infected with Δnmo2 IH accumulated ROS, formed callose depositions and expressed defence genes. NMO2 is thus Figure 2 | NMO2 is required for growth on media containing nitrate or nitrite as the sole nitrogen source. WT and Δnmo2 mutant strains were grown on complete medium (CM) and on defined 1% (wt/vol) GMM with 10 mM of the indicated sole nitrogen source. L isomers were used throughout this study. Growth tests were performed in triplicate using 85 mm Petri dishes. One representative plate of each treatment and strain was imaged after ten days of growth. . Enzyme activity was determined spectrophotometrically (A 540 nm ), in triplicate, using 2-nitropropane as substrate. Activity was calculated from the concentration of NO 2 − produced in 1 min by whole-cell protein extracts from 100 mg of mycelium. ND, not detected. Error bars indicate standard deviation. c, The Δnmo2 mutant was sensitive to the NO donor sodium nitroprusside dihydrate 40 (NPS) compared to WT. Plates were imaged after eight days of growth in the dark. d, The Δnmo2 mutant was sensitive to exogenous ROS compared to WT. CM plates with or without 5 mM H 2 O 2 were inoculated with the indicated strains and imaged after five days of growth. In c and d, 55 mm Petri dishes were used. e, The Δnmo2 mutant was restored for growth on RNS-generating NO 3 − medium, relative to WT, by adding the peroxynitrite scavenger MnTBAP.
For clarity, images taken after five days of growth were cropped from 85 mm plates ( Supplementary Fig. 2a) . NT, no treatment control. Each plate test was performed in triplicate with one representative plate used for imaging. f, The levels of malondialdehyde (MDA) were determined for WT and the Δnmo2 mutant strain following growth in the presence of NO 3 − as a sole nitrogen source. *P < 0.0001 (two-tailed t-test) compared with WT. Values are the average of four technical replicates and two biological replicates, with standard deviation. g, An immunoblot for nitrotyrosine was performed on cell lysates produced from WT and Δnmo2 strains. As a standard positive control, the formation of nitrotyrosine was determined for cell lysates produced from Salmonella enterica serovar Typhimurium strain 14028s (STM) that were either not treated (NT) or exposed to 2.5 mM of the NO donor spermine NONOate (SNO) or the ONOO − generator SIN-1. required for suppressing the rice innate immune response during M. oryzae infection.
NMO2 is required to maintain redox balance in M. oryzae infected rice cells to avoid triggering host innate immunity. To determine if ROS accumulation in rice cells infected with the Δnmo2 mutant was the trigger for the observed rice innate immune responses, we treated spores of the Δnmo2 mutant (Fig. 4e,f ) and WT ( Supplementary Fig. 3g and Fig. 4f ) with the NADPH oxidase inhibitor diphenyleneiodonium (DPI), or with the ROS scavenger ascorbate ( Supplementary Fig. 3h,i ), at concentrations that had previously been determined not to affect appressorium formation or function 16 , and applied them to the surface of rice leaf sheaths. Compared to untreated controls, treatment with DPI (Fig. 4e) or ascorbate (Supplementary Fig. 3h ) prevented granule formation in Δnmo2 infected rice cells. These results indicate that NMO2 was required to maintain redox balance and prevent or neutralize the host ROS burst to avoid triggering downstream plant defences. Moreover, with both treatments, the movement of Δnmo2 IH to cells adjacent to the point of infection was significantly increased at 42 h.p.i. (hours post inoculation) compared to untreated controls ( Fig. 4f and Supplementary Fig. 3i ). This demonstrated that the attenuated biotrophic growth of Δnmo2 mutant strains was due to induced rice innate immune responses resulting from host ROS accumulation rather than stemming from a requirement for NMO2 in fungal biotrophic growth per se.
Induced host innate immunity perturbs Δnmo2 BIC formation in rice cells. We next asked whether the induced plant defences in response to Δnmo2 infection were sufficient to kill the fungus or otherwise affect development. Such information could be used to probe how plant cells contain or destroy invaders. We transformed WT and the Δnmo2 mutant strain with pBV591 (ref. 11) to produce strains expressing the apoplastic effector Bas4 fused to green fluorescent protein (Bas4:GFP) and the BIC-accumulating cytoplasmic effector Pwl2 fused to mCherry and a rice nuclear localization signal (Pwl2:mCherry:NLS). We screened for transformants expressing both effectors by live-cell imaging of infected leaf sheaths using scanning confocal microscopy. Figure 5 shows that, during early infection at 32 h.p.i., WT accumulated Bas4:GFP in the apoplast where it outlines IH, and localized Pwl2:mCherry:NLS to a single, punctate BIC, as described previously 11, 34 . In contrast, Δnmo2 mutant strains expressing Bas4:GFP and Pwl2:mCherry:NLS began to elicit granular depositions in rice cells by 32 h.p.i. (Fig. 5) and, although Bas4: GFP outlined IH in Δnmo2 mutant strains (indicating that secretion of this effector into the apoplast was not impaired by the plant response), Pwl2:mCherry:NLS localized to several foci and was also dispersed throughout IH, indicating that BIC development and cytoplasmic effector secretion were perturbed in this strain. By 38 h.p.i., the developmental differences between WT and Δnmo2 strains in rice cells were more pronounced. Figure 6 (top panel) shows that Δnmo2 mutant strains expressing Bas4:GFP and Pwl2:mCherry:NLS elicited strong plant defence responses and granular depositions in rice cells. Like WT, the Δnmo2 mutant strains continued to secrete Bas4:GFP into the apoplast. However, unlike for WT, Pwl2:mCherry:NLS localized to multiple foci in the sparse Δnmo2 IH. Despite this striking perturbation in BIC formation, Pwl2:mCherry:NLS was nonetheless secreted from Δnmo2 IH into the host cytoplasm and accumulated in rice nuclei (Fig. 6 ). We hypothesized that multi-BIC formation in Δnmo2 mutant strains was a developmental stress response resulting from exposure to the host ROS burst and/or other induced plant defences. In support of this notion, Fig. 6 (bottom panel) shows how inhibiting the host ROS burst with DPI treatment remediated BIC formation in Δnmo2 mutant strains and restored the accumulation of Pwl2:mCherry:NLS to focal BICs. Bas4:GFP secretion in Δnmo2 mutant strains and Pwl2:mCherry:NLS and Bas4:GFP secretion in WT strains were not affected by DPI treatment. We conclude that, in the face of the host ROS burst and the induction of plant defences resulting from loss of the fungal nitrooxidative stress response, Δnmo2 continues to secrete effectors, but BIC development and IH growth are perturbed. Solely preventing the host ROS burst ameliorates these physiological defects. These results dissect the finetuned molecular and cellular interplay between host and pathogen that governs disease progression in rice, and provide a vantage point for understanding the determinants of fungal development in the context of the host cell environment.
Discussion
This work provides insights into two key fungal processes: (1) how the fungal cell is protected from nitrooxidative stress by a nitronate monooxygenase, Nmo2, during growth under RNS-inducing conditions, and (2) how the fungus requires Nmo2 to suppress the first line of plant defences against microbial pathogens. Nmo2 acts to catalyse the oxidative denitrification of nitroalkanes. The loss of NMO2 resulted in increased lipid and protein nitration, poor growth on NO 3 − and NO 2 − media and increased sensitivity to NO and H 2 O 2 . Growth on NO 3 − medium was markedly improved by the addition of a peroxynitrite scavenger. The requirement for NMO2 in neutralizing RNS-induced cellular damage during growth on NO 3 − and NO 2 − media explains NMO2 expression control by nitrogen metabolite repression. Deducing that NMO2 is expressed under nitrogen derepressing and glucose-inducing conditions (via Nut1 and Tps1, respectively) is important, because, although fungal responses to ROS are well established, little is known about the regulation of fungal RNS responses 35 . During host infection, the loss of NMO2 caused a host ROS burst that triggered rice innate immunity, resulting in multi-BIC development and impaired biotrophic growth. Remediation of Δnmo2 physiological defects by DPI treatment showed that the major role of NMO2 during early infection was to maintain redox balance in rice cells. Whether this is achieved by preventing or, alternatively, neutralizing the host ROS burst is currently unknown. Nmo2 might be required to mitigate lipid damage resulting either directly or indirectly from RNS, as a means of quenching ROS. Alternatively, during the denitrification reaction, superoxide can be the source of incorporated O 2 (ref. 36 and Fig. 1a) . ROS could thus be consumed directly by Nmo2 (as superoxide) during this reaction. Perturbations to either of these processes in Δnmo2 mutant strains could result in ROS accumulation in rice cells and the triggering of innate immunity. Repairing lipid nitrooxidative damage might also prevent the amplification of host ROS by some currently unknown mechanism. Furthermore, compared to ROS, much less is known about plant NO metabolism. NO is a component of the plant immune response and can react with ROS to produce plant RNS (ref. 37) . However, our results-obtained from inhibiting ROS by DPI-suggest that plant RNS compounds or plant NO signalling are not effective inhibitors of M. oryzae in the absence of a host ROS burst. Conversely, in the presence of a host ROS burst, effectors secreted by Δnmo2 mutant strains do not suppress PTI. These results, taken together, question the primacy of secreted effectors in suppressing host signalling and defence responses and form starting points for further dissecting the hierarchy of molecular events leading to plant innate immunity.
When taken together, we describe essential roles for NMO2 in suppressing host innate immunity and establishing biotrophic growth in rice cells. We thus provide insight into a previously unknown aspect of molecular host-microorganism interactions and, more broadly, identify a new requisite for nitrate and nitrite metabolism in fungi.
Methods
Strains and culture conditions. The M. oryzae wild-type strain Guy11 was used throughout as both a control strain and as a parental strain for the mutants generated during the course of this study (Supplementary Table 1 ). All strains are available from the Wilson laboratory as filter stocks. During the course of the study, strains were propagated on complete media 38 . Strains were growth-tested on defined minimal medium containing 1% (wt/vol) glucose (GMM), with indicated nitrogen sources, as previously described 21 . Strains were tested for susceptibility to nitrooxidative stress on CM with H 2 O 2 (30% in water, Fisher) and sodium nitroprusside dehydrate (NPS, MP Biomedicals) at the indicated concentrations. The peroxynitrite scavenger MnTBAP chloride (AdipoGen Life Sciences) was added to GMM with 10 mM NO 3 − as the sole nitrogen source. All strains were grown at 24°C with 12 h light/dark cycles. Plate images were taken at the indicated time points with a Sony Cyber-shot digital camera 14.1 megapixels.
Gene transcript analysis. Gene transcript analysis was performed on cDNAs obtained from fungal mycelia and infected rice leaf sheaths or whole leaves, as previously described by Fernandez and associates 16 . For in planta gene transcript analysis, infected plant tissue was frozen in liquid nitrogen at the indicated time points and ground with a mortar and pestle. Mycelial samples were collected from the indicated liquid growth media and lyophilized for 36 h before grinding. RNA was extracted from ∼100 mg of leaf or mycelial tissue using the RNeasy mini kit (Qiagen). DNase I (Invitrogen) treatment was applied to 1 µg of RNA per sample, and cDNA was generated using qScript (Quantas). qPCR was performed on an Eppendorf Mastercycler Realplex using the primers described in Supplementary Gene functional analysis. Targeted gene replacement of the M. oryzae NMO genes was achieved using the split marker strategy described by Wilson and associates 21 . Briefly, the sequence of the NMO2,4 genes was obtained from the M. oryzae genome database at the Broad Institute and was used to design gene-specific primers (Supplementary Table 2 ). A total of 1 kb of the gene of interest was replaced with the sulfonylurea resistance-conferring gene, ILV1 (2.8 kb). Targeted gene deletion was confirmed for two transformants by PCR (ref. 21 ), which were subsequently tested for pathogenicity on rice seedlings. To ensure that the Δnmo2 phenotype resulted solely from targeted replacement of the NMO2 gene, the full-length NMO2 gene (plus 1 kb each of 5′ and 3′ flanking sequences) was amplified by PCR using the primers listed in Supplementary Table 2 and transformed into protoplasts of one of the Δnmo2 mutant strains. Five Δnmo2 NMO2 complementation strains were selected by their growth on GMM with nitrate as a nitrogen source. Two were tested for restored pathogenicity on host plants. Strains expressing Bas4:GFP and Pwl2:mCherry:NLS were generated by transforming WT and Δnmo2 mutant strains with pBV591 (ref. 11) and selecting for hygromycin resistance. Positive strains were initially identified by PCR using primers designed to amplify the Hph gene (Supplementary Table 2 ). Ten transformants from each parental strain were subsequently screened for the expression of both apoplastic Bas4:GFP and cytoplasmic Pwl2:mCherry:NLS during rice leaf sheath infection using laser scanning confocal microscopy.
Nitronate monooxygenase enzyme activity assay. WT and Δnmo2 strains were grown in CM medium for 48 h and switched to NO 3 − medium for 16 h. Proteins were extracted from lyophilized mycelia as described previously 22 . Nmo enzyme activity was assayed as previously described 39 . Briefly, 50 µM 2-nitropropane was added to each protein sample and the rate of NO 2 − product formed was measured using the absorbance of light with a wavelength of 540 nm following colour development resulting from the reaction of NO 2 − with sulfanilamide (Sigma) and N-1-(naphthyl) ethylenediamine dihydrochloride (Sigma).
Detection of nitrooxidative damage. WT and Δnmo2 strains were grown in 350 ml CM. After 48 h, the mycelia were collected and transferred to flasks containing 100 ml of 1% (wt/vol) GMM with 10 mM NO 3 − as the sole nitrogen source. Mycelial samples were shaken for 16 h, collected again, and lyophilized for 36 h.
Nitrotyrosine formation was determined for WT and the Δnmo2 strains grown with NO 3 − as the sole nitrogen source. Briefly, 10 mg of mycelia were resuspended in 1 ml alkaline lysis buffer (25 mM Tris, 100 mM SDS and 128 mM NaOH) in a tube containing 3.0 mm zirconium beads and were homogenized using a Beadbug Microtube Homogenizer (Benchmark Scientific). The protein concentrations from the mycelial cell lysates were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific) and normalized to a concentration of 1.25 mg ml -1 in Laemmli sample buffer with 2-mercaptoethanol. Proteins were separated on an AnyKD TGX polyacrylamide gel and transferred to a PVDF membrane using a Transblot Turbo Transfer System (Bio-Rad Laboratories). The PVDF membrane was blocked with 5% nonfat dry milk in tris-buffered saline with 0.1% Tween-20 (TBST) (0.1% Tween-20, 150 mM NaCl, 100 mM Tris, pH 7.5) buffer. Proteins were probed with a 1:1,000 dilution of an anti-nitrotyrosine polyclonal antibody (Thermo Scientific) and then washed five times with TBST. PVDF membranes were incubated with a 1:2,000 dilution of a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody and then washed five times with TBST. Immunoreactive proteins were visualized using the WesternSure Enhanced Chemiluminescence (ECL) Kit on a C-DiGit Blot Scanner (LI-COR).
Damage to cell membranes was assessed by measuring the concentration of malondialdehyde (MDA) using the TBARS Assay Kit (Cayman). Mycelia (25 mg) were homogenized in HN (20 mM NaCl, 50 mM HEPES, pH 7.6) buffer using zirconium beads as described above. Samples were centrifuged for 1 min to pellet cell debris and 100 µl of cell lysates were mixed with 100 µl SDS. Samples were then added to 4 ml of MDA colorometric reagent, boiled for 1 h and then quenched on ice for 10 min. Samples were read at 450 nm on a Cytation 5 multimode reader (BioTek) and the concentration of MDA was determined using standards included in the TBARS Assay Kit.
Pathogenicity tests and live-cell imaging. Plant infection assays were performed on three-to four-week-old rice seedlings (Oryza sativa) of the susceptible cultivar CO-39 by spraying 10 ml of conidial suspensions (1 × 10 5 spores ml −1 ) in 0.2% gelatin (Difco). Infected plants were placed in darkness overnight at 26°C and then transferred to a growth chamber with 12 h light/dark periods at 26°C for five to seven days. Images of infected leaves were taken at a resolution of 600 d.p.i., using an Epson Perfection V550 Photo scanner.
Live-cell imaging was performed in a Nikon A1 laser scanning confocal mounted on a Nikon 90i compound microscope (software version: NIS-Elements 4.40.00). The images were taken with a ×60 objective with a ×2 digital zoom. Transmitted light was used for phase contrast images. The filter settings were as follows: GFP (excitation 488 nm, emission 500-550 nm), mCherry (excitation 561 nm emission 575-625 nm). For 3,3′-diaminobenzidine (DAB, Sigma-Aldrich) staining, infected rice sheaths were collected at 42 h.p.i. and incubated in 1 mg ml -1 DAB solution (pH 3.8) at room temperature for 8 h in the dark 16 . After incubation, samples were destained with ethanol:acetic acid (94:4, vol/vol) for 1 h. Images were taken with a Leica DC300 camera mounted on a Leica DMLB microscope at ×400 magnification. For callose staining, rice sheaths were cleared overnight with ethanol: acetic acid (6:1, vol/vol). Subsequently, the samples were rehydrated and stained with 0.05% (wt/vol) aniline blue (Acros Organics) in 0.067 M K 2 HPO 4 buffer at pH 9.2 for 6 h. Images were taking using 405 nm excitation and 500-550 nm emission. L-Ascorbic acid sodium salt (Acros Organics) and the NADPH oxidase inhibitor diphenylene iodonium (DPI, Sigma-Aldrich) were added to spore suspensions at the stated concentrations before inoculating rice sheaths. Statistical comparisons among the strains were performed with Graph Pad Prism (v.6).
Data availability. The data that support the findings of this study are available from the corresponding author upon request.
